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The search for more sustainable energy to match the growing energy demand begins with
finding more dispatchable resources such as solar energy. As one of the promising solar
technologies, concentrated solar power (CSP) has a full capacity to store thermal energy for
extended operation. Nevertheless, some key components in CSP systems usually face extreme
environment, such as uneven solar flux, cyclic thermal expansion, structural degradation on the
solar absorber tubes in a Concentrated Solar Power Tower (CSPT) Plant. In this study, we
applied Multiphysics simulation to explore the benefits of introducing optimized fins for heat
transfer enhancement and uniform temperature distribution, the goal is to improve the thermal
efficiency of such advanced solar absorber tubes. The results of this study can supply design
guidance for the manufacturing process of absorber tubes, and eventually can benefit the solar
energy community for the next generation of molten salt based CSP system.
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CHAPTER I
INTRODUCTION
1.1

Background
As our society marches forward, our energy consumption continues to increase. Along

with the increased energy demand, we continuously rely on non-renewable energy to meet the
energy needed for our society to function. We have sustainable energy sources in place that help
produce the energy, but most of these sources do not have the ability to store energy when the
demand is greatest. For example, wind farms and solar panels are becoming more popular and
more efficient every year, but the lack of energy storage is hindering them from being used more
often. This continued reliance on non-renewable energy has caused our climate to change. As a
result, 90% of all disasters related to weather is now attributed to the changing climate [1]. As
this has become a global issue, many democracies have started implementing new measures to
become carbon neutral within the next few decades. The European Union have said they will
become carbon neutral by the year 2050, and the United States plan to decrease their greenhouse
gas pollution by 50% before 2030 [2, 3].
1.2

Solar Energy
A great way to start decarbonizing the climate is to begin using solar energy. Solar

energy is the most abundant energy sources on earth [4]. Moreover, the U.S. Department of
Energy (DOE) said that solar power could generate 45% of the U.S. energy demand by the year
2050 [5, 6]. There are two ways to harness solar energy: solar photovoltaic (i.e., solar panels)
1

and concentrated solar power (CSP). Solar panels are more common and can be found placed on
rooftops covering parking lots or as standalone units. Solar panels work by converting the sun’s
light into electricity. The light absorbed by the panel creates a current by loosening electrons
which ultimately makes direct electric current (DC) [7]. In contrast, CSP uses the heat generated
by the sun’s energy to make electricity [7]. CSP is a more favorable system to use for more
widespread grid use rather than local, domestic use because CSP produces alternating current
(AC) power [7]. Solar panels are cheaper to market than CSP, but they do not have the capacity
to store thermal energy because they use direct sunlight instead of the sun’s heat [7].
1.3

Concentrated Solar Power
CSP has four main systems that concentrate the solar irradiance from the sun to generate

heat. These four ways include linear Fresnel, parabolic trough, parabolic dish, and solar tower
[8]. The focus of this discussion will be on the power tower (i.e., concentrated solar power tower
(CSPT)).

Figure 1.1

Different concentrated solar power arrangements. [9]
2

CSPTs rely on a field of heliostats which redirect the solar flux onto a central receiver
placed on top of tower. There are three different types of receivers: gas based, solid based, and
liquid based. The gas-based receiver can reach high temperatures but has low efficiencies due to
gas having poor thermodynamic properties [8]. The solid-based receiver can also perform at high
operating temperatures, but the particle distribution and heat exchanger design limits the
efficiencies [8]. The liquid-based receiver is the receiver being studied in this discussion. The
liquid-based receiver can easily store thermal energy; however, the liquid being used in the tower
configuration is molten salts which quickly corrode the tubes carrying the fluid [8]. The
redirected flux heats a fluid known as a heat transfer fluid (HTF) as it travels through the
receiver. Eventually, the fluid passes through a heat exchanger which will heat a working fluid
that will generate electricity through turbines and sent out to the grid. The excess heat can be
stored in large tanks and be used at peak demands or nighttime use for example. This is known
as thermal energy storage (TES).
1.3.1

Thermal Energy Storage
CSP plants can reach high operating temperatures which allow for the system to store

thermal energy. This ability makes CSP a dispatchable energy resource. Dispatchable energy
sources can produce energy on demand when needed [11]. Some forms of dispatchable energy
sources are fossil-fuel power plants, nuclear reactors, and hydropower. Non-dispatchable energy
sources rely on the local climate to supply electricity such as solar panels and wind farms [11]. In
other words, non-dispatchable energy sources cannot produce electricity on demand. The energy
storage is achieved by sensible heat, laten heat, combination of both, or in the form of reversible
chemical reactions [12]. The most common storage medium for CSP systems is sensible heat
materials such as concrete, sand, or even waste metal [12]. TES prototypes used in the Solar Two
3

project show a round-trip efficiency greater than 97% [12]. Also, studies show that thermal
energy can be stored for up to 10 hours [10].
1.3.2

Concentrated Solar Power: Industry Outlook
The DOE has laid the groundwork for the CSP industry to begin making significant gains

towards renewable energy. They have incentivized a goal for 2030 to reduce the Levelized Cost
of Energy (LCOE) of CSP to be at $0.05/kWh for a baseload [13]. This initiative is called the
DOE SunShot 2030 initiative shown in the figure below.

Figure 1.2

The LCOE of CSP across different years and showing the goals set forth by the
DOE to reach by 2030. [13]

A study conducted by International Renewable Energy Agency (IRENA) shows that cost
of installation for CSP plants have reduced by 50% between 2010 and 2020 [10]. In that same
study, they proved that the LCOE of CSP plants have decreased by 68% shown by the pink line
in the figure below [10].
4

Figure 1.3

Global weighted-average utility scale LCOE by technology, 2010-2020. [10]

The area labeled “High band” is the average LCOE cost for fossil fuel-fired electricity.
What has tremendously helped with lowering the LCOE is the increased capacity factor for
newly commissioned plants. During the same period, the average capacity factor rose from 30%
to 42% which correlated to the average thermal energy storage time increasing from 5 hours to
7.7 hours. These numbers prove the industry in heading in the right direction, but they are still
short of some of the SunShot 2030 goals. Other goals for the SunShot initiative include
improving the power-cycle efficiency to a minimum of 40% and have at least 12 hours of
thermal energy storage [13].
1.4

Different Heat Transfer Fluids
A vital part in any CSP system is the heat transfer fluid. The HTF needs to be able to

transfer the heat that is received in the receiver to the working fluid to generate electricity with
5

very little impedance on the system. Some examples of HTF for liquid-based receivers include
air, water/steam, thermal oils, organics, and molten salts [12]. Of course, all these examples have
advantages and disadvantages. An ideal fluid should have a low melting temperature, high
thermal stability, low viscosity, high specific heat, and should not be corrosive [12]. The HTF
should also be considered to store thermal energy without additional heat exchangers. On top of
all of the considerations listed, the cost of the HTF is arguably the most important consideration.
Air which is free and has a low viscosity is not used in many prototypes because the thermal
properties do not provide high efficiencies [12]. Water/steam not only has a low viscosity but
also a high specific heat capacity along with low thermal conductivity [12]. Additionally,
water/steam is not highly corrosive which makes it a good candidate; however, it is sparse in dry,
arid regions. Thermal oils have a small operating temperature range (i.e., 200˚C-400˚C) and are
expensive to use, but they do provide good thermal properties [12]. Similarly, the organic HTF
has a small operating temperature range and good thermal properties but is very expensive [12].
Lastly, molten salts provide best all-around performance with having a high thermal stability,
good thermal properties, and is relatively cheap [12]. However, molten salts have the highest
corrosion rate of all the HTF and have an added issue of solidifying when not melted [12]. In the
solid-based receivers, the HTF is a solid particle which has become the state of the art. The
particles which are on the microscale fall making a curtain where the solar flux is received then
transported through a heat exchanger [14]. The particles act as the main HTF and as a storage
medium [14, 15]. Of course, the particles have adequate thermal properties and high thermal
stability with competitive cost; however, there are issues [15]. The particles damage the system
by falling repeatedly on the same location causing structural issues and can be easily disturbed
by the wind [14, 15]. In our study, we will be looking at a liquid-based receiver fluid. The fluid
6

is a molten ternary chloride salt, (MgCl2-KCl-NaCl, wt% 45.98-38.91-15.11) with an operating
temperature range of 550˚C to 720˚C [16, 17].
1.5
1.5.1

Concerns surrounding solar absorber tubes
Thermomechanical Considerations
The solar absorber tube only experiences a solar flux on the exposed half of the tube

facing the heliostats. This causes an uneven solar distribution which leads to an uneven
temperature gradient as seen in the figure below.

Figure 1.4

Stress concentrations forming from the uneven temperature distribution. [18]

As one can imagine, the local environment surrounding the solar absorber tube can be
highly destructive and over time decrease efficiencies. Without any internal structure to rotate
the fluid, the tube will consistently suffer from massive temperature gradients. This will cause
stress concentrations and plastic strains on the tube forcing it to fail before the lifetime expires
[19]. Furthermore, the daily startup and shutdown procedure along with the cumulative plastic
strains will cause cyclic loading which could lead to a fatigue failure [19]. There are five stages
to fatigue failure: deformation, damage accumulation, crack initiation, crack propagation, and
7

fatigue fracture [20]. For example in a single receiver tube, the cyclic thermal stress leads to
cycle slip strain along the tube wall. This leads to linear elastic deformation which occurs when
the stress is lower than the yield strength eventually leading to fatigue damage [20]. Thus, over
time a crack forms along the wall near a defect. The defect could be caused by corrosion from
the molten salt or other tiny imperfections. This will begin the crack propagation process and
eventually rupture [20]. It is accepted that to avoid fatigue failure the maximum thermal stress
must be lower than 40%-50% of the ultimate tensile strength [19]. By looking at the figure below
from [20], we can see the stress profile around a solar absorber tube.

Figure 1.5

a) The equivalent stress along the circumferential direction with different heat
fluxes. b) The circumferential temperature difference of different heat fluxes. [20]

The solar flux is incoming from the 0˚-180˚ angle while the remaining half is left to be
adiabatic. Apparently, the maximum stress occurs near the 90˚ angle where the solar flux is the
most concentrated and where the maximum temperature difference is. The plots prove that the
equivalent stresses are related to the temperature difference. To conclude, some of the main
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issues are structural deformation such as cracks forming from cyclic loading from the day/night
cycle and salt corrosion at high temperatures [19].
1.5.2

Heat Losses
A crucial design point for solar receivers is the mitigate as much heat loss as possible.

Most of the heat leaving the system is from radiation which accounts for approximately 78% of
heat loss [21]. The pie chart below shows a breakdown of how different thermal losses affect an
external receiver.

Figure 1.6

Average thermal losses for external receiver with a steam output of 550˚C. [21]

The more heat loss a receiver loses the less efficient the system becomes. With less heat
being kept within the system, the HTF will take longer to reach the maximum temperature. By
reducing the heat loss, the solar absorber tube will require less material to reach the maximum
temperature and be more efficient. A slight majority of the radiation heat loss comes from
emitted radiation. Emitted radiation is based on Stefan-Boltzmann’s Law which is directly
correlated to the emissivity and heat being radiated off the surface [22]. Reflected radiation can
be controlled by the amount of light absorbed onto the surface. The more light absorbed the less
9

light being reflected. With the tubes being exposed to the open air, convective heat losses are
inevitable. With the tubes being thin walled, conductive heat losses will be negligible in the
system [22].
1.5.3

Common solutions to solar absorber tubes
Some common solutions include increasing the thickness and diameter to help alleviate

some of the thermal stresses [23] and/or insert some internal structure to help disperse the heat
evenly around the tube [24-26]. Below is a figure highlighting two different approaches to
applying an internal structure.

Figure 1.7

(a) Fins with a flat lateral surface. (b) Fins with a sinusoidal lateral surface. (c)
Sinusoidal geometry. [27] (d) Wavy-taped insert. [28]

Another issue is the potential factor of salt freezing inside the tube due to temperatures
not being high enough to melt the salt. This is where internal structures can help stop this [2410

26]. However, a draw back from this solution is the added pressure loss on the system. This will
require more pumping power based on how intrusive the internal fin design is which could lead
to more vibration in the system causing more fatigue issues [29]. Also, the inserts have a poor
integration with the inner wall causing the fins to have a limited enhancement. These solutions
are limited to only a few choices because of traditional manufacturing processes and could
become expensive when translated to large scale design. A solution to limit the heat loss caused
by natural convection and to increase the solar absorption is to modify the external surface of the
receiver [30, 31]. An example is shown below.

Figure 1.8

a) An arrangement of receiver pyramids. b) Cross sectional view of the receiver
pyramids. [32]

This design showcases an idea to cool the receiver pyramids with molten salt flowing
from the middle of the base then exiting around the edges. The receiver pyramid design can be
considered as a radiation trap because the emitted radiation strikes the neighboring surfaces
therefore never leaving the system and the reflected light bounces around the nearby surfaces
[32]. The reflected heat loss is reduced to 1.3% of the incoming radiation, and the emission has
11

dropped to 2.8% [32]. Also, with the honeycomb type design and the use of hexagonal bases, the
convective heat losses are lowered by reducing the wind speed in the valleys [32].
1.5.4

Proposed Solutions
The proposed solution is to investigate using additive manufacturing (AM) and a hybrid

material composed of Inconel 718 (IN718), a nickel-based superalloy, and Boron to help produce
to most efficient, durable solar absorber tube possible. The figure below shows the intended flow
design of the project.

Figure 1.9

Proposed solution for manufacturing the solar absorber tubes.

First, we will mix IN718 and Boron powders to be fed into the 3D printing machine then
print the solar absorber tubes with an internal fin design and adjusted surface properties.

12

1.5.4.1

Additive Manufacturing
Selective laser melting (SLM) also known as laser powder bed fusion (LPBF) is the most

popular process which accounts for 80% of the metal 3D printing market [33]. To begin with the
SLM process, we start by mixing the powders that are going to be used in the print. Then the
printing chamber is purged of oxygen and replaced with nitrogen or argon gas [33]. Once the
powders are mixed and the chamber is set, the powder is spread across the printing surface by a
wiper and then the laser etches out the geometry. Then the build plate lowers by the height of
one layer and another layer of powders is spread across the surface. The process repeats until the
print is finished [33]. An issue with SLM printing is the high thermal gradients between the
molten part and the surrounding powder [33]. This could lead to warping and/or distortion.
Therefore, support structures are needed to raise the print off the build plate and to help dissipate
the heat [33]. Support structures are also needed for overhangs that have more than a 45˚ angle
[33]. If a print has too much of an overhang, the geometry begins to deform due to the moment
force that is generated. A couple more drawbacks are the limited build height and the post
processing needed after printing [33]. However, SLM printing provides advantageous strategies
such as reduced waste of material, formulation of complex geometries, and part consolidation
(i.e., build multiple parts at one time) [33].
1.5.4.2

Combining IN718 and Boron
We intend to explore a variety of fin designs to help distribute the heat around the tube

more evenly and delve into the external surface to understand how AM can help produce more
solar absorbent and stress resistant prints. IN718 has the material composition shown in the
figure below.

13

Figure 1.10

The material composition of Inconel 718.[34]

The reason we chose IN718 is because it has an operating temperature range of over
500˚C while still maintaining corrosion resistant properties [35]. As a benefactor to the IN718,
we added Boron (B) to help enhance the thermal mechanical, solar absorption, and corrosion
properties. By using SLM, complex fin geometries can be produced as one singular piece which
helps with the structural integrity and lowering maintenance costs. SLM is more expensive than
traditional manufacturing practices, but the expected LCOE will be lowered due to the more
structurally sound print with the internal fin design. By changing the printing parameters and
particle size of the Boron and IN718 powders, the surface roughness can be altered to allow
more solar absorption and potentially reduce convective heat loss. This research could transform
the manufacturing of solar absorber tubes for high temperature applications

14

CHAPTER II
METHODOLOGY
2.1

Software
To solve the Multiphysics surrounding the system, we incorporated a hydro-thermal-

mechanical simulation using COMSOL Multiphysics® 5.6. COMSOL can couple any physics
together that are related such as radiation and heat transfer in solids. This coupling reads the
solar flux entering the system and translates it to the heat transfer module to allow heat input to
the receiver tube (i.e., solar irradiation and radiosity). Also coupled with the heat transfer module
is the turbulent module for fluids. This coupling shows the relationship between the heat transfer
from solid to fluid inside the tube for each fin design (i.e., temperature gradients and velocity
profiles). To finish the physics coupling, the solid mechanics module and the heat transfer
module are synced to display the thermal stresses and deformation caused from the solar flux.
Figure 2.1 below shows a flow chart of Multiphysics coupling.

15

Figure 2.1

2.2
2.2.1

Multiphysics coupling flowchart.

Equations
CFD Module
The turbulence model chosen was the k-ε model. The first equations used are the mass

and momentum conservation equations in their expanded form [36].

𝜕𝜌
+ ∇ ∙ (𝜌𝒖) = 0
𝜕𝑡
𝜌

𝜕𝒖
+ 𝜌(𝑢 ∙ ∇)𝑢 = ∇ ∙ [−𝑝𝑰 + 𝜏] + 𝐹
𝜕𝑡

(2.1)

(2.2)

where ρ is the mass density and u is the velocity vector of the fluid. p is for pressure and τ
denotes the viscous stress tensor. F is the volume force vector.
The following equations reflect the turbulent equation for the k term. [36, 37].
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𝜇𝑇
) ∇𝑘] + 𝑝𝑘 − 𝜌𝜀
(2.3)
𝜎𝑘
where k represents the kinetic energy of turbulent fluctuations per unit mass. The
𝜌(𝑢 ∙ ∇)𝑘 = ∇ ∙ [(𝜇 +

molecular and eddy viscosity terms are μ and μT, respectively. The closure coefficient is σk with a
value of 1.0, and the dissipation per unit mass is 𝜀𝑑 . The production term, Pk, is the equation
below [37].

2
2
𝑃𝑘 = 𝜇 𝑇 (∇𝐮: (∇𝐮 + (∇𝒖)𝑇 ) − (∇ ∙ 𝒖)2 ) − 𝜌𝑘∇ ∙ 𝒖
3
3

(2.4)

where T in Eq. (2.4) represents temperature.
The equation below represents the dissipation term ε [36, 37].

𝜇𝑇
𝜀
𝜀2
𝜌(𝑢 ∙ ∇)𝜀 = ∇ ∙ [(𝜇 + ) ∇ε] + 𝐶𝜀1 𝑝𝑘 − 𝐶𝜀2 𝜌
𝜎𝜀
𝑘
𝑘

(2.5)

where σε represents a closure coefficient with a value of 1.3. Cε1 and Cε2 are closure
coefficients with values 1.44 and 1.92, respectively.
The turbulent viscosity, μT, is molded as below with the Cμ model constant being 0.09.

𝑘2
𝜇 𝑇 = 𝜌𝐶𝜇
𝜀𝑑

2.2.2

(2.6)

Heat Transfer Module
The governing equation for the heat transfer in solids is below [36].

𝜕𝑇
𝑑𝑆
𝜌𝐶𝑝 ( + 𝑢𝑡𝑟𝑎𝑛𝑠 ∙ ∇𝑇) + ∇ ∙ (𝑞 + 𝑞𝑟 ) = −𝛼𝑇:
+𝑄
𝜕𝑡
𝑑𝑡
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(2.7)

The following equation represents the governing equation for heat transfer in fluids [36].

𝜕𝑇
𝜕𝑝
𝜌𝐶𝑝 ( + 𝑢 ∙ ∇𝑇) + ∇ ∙ (𝑞 + 𝑞𝑟 ) = 𝛼𝑝 𝑇 ( + 𝑢 ∙ ∇𝑝) + 𝜏: ∇𝑢 + 𝑄
𝜕𝑡
𝜕𝑡

(2.8)

where ρ is density and Cp is the specific heat capacity at constant stress. T is the absolute
temperature while utrans is the velocity vector of translational movement. The two heat fluxes in
the equation are represented by q and qr. q is the heat flux by conduction and qr is the heat flux
by radiation. α is the coefficient of thermal expansion while S is the second Piola-Kirchloff stress
tensor. Q contains any additional heat sources. u is the velocity vector and αp is the coefficient of
thermal expansion described in the equation below.

𝛼𝑝 = −

1 𝜕𝜌
𝜌 𝜕𝑇

(2.9)

where p is pressure, and τ is the viscous stress tensor.
The correlations of forced and natural convection are below, respectively, followed by
any modeled inward heat fluxes [36].

1⁄
1
𝑅𝑒𝐷 2 𝑃𝑟 ⁄3

𝑁𝑢𝑓𝑜𝑟𝑐𝑒𝑑 = 0.3 +

2⁄
3

0.4
(1 + ( 𝑃𝑟 )

1⁄ ((1
4

5⁄
8

𝑅𝑒𝐷
)
+(
282000

4⁄
5

))

(2.10)

)
2
1⁄

𝑁𝑢𝑛𝑎𝑡𝑢𝑟𝑎𝑙 =

0.6 +
(

0.387𝑅𝑎𝐷 6
9⁄
16

0.559
(1 + ( 𝑃𝑟 )
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(2.11)

8⁄
27

)

)

𝑞𝑜 = ℎ(𝑇𝑒𝑥𝑡 − 𝑇)

(2.12)

The Nusselt is denoted by Nu, while the Reynolds number is Re, the Prandtl number is
Pr, and the Rayleigh number is Ra. Text is described as the temperature far away from the
modeled domain (i.e., ambient temperature), and qo is the inward heat flux. Finally, h is a heat
transfer coefficient that can be manually inputted if needed.
2.2.3

Radiation Module
The following equations represent the governing equations for the radiation module [36]:

𝐽 = 𝜀𝑒 𝑒𝑏 (𝑇) + 𝜌𝑑 𝐺

(2.13)

𝐺 = 𝐺𝑚 (𝐽) + 𝐺𝑎𝑚𝑏 + 𝐺𝑒𝑥𝑡

(2.14)

𝐺𝑎𝑚𝑏 = 𝐹𝑎𝑚𝑏 𝑒𝑏 (𝑇𝑎𝑚𝑏 )

(2.15)

𝑒𝑏 (𝑇) = 𝑛2 𝜎𝑇 4

(2.16)

𝑞 = 𝜀𝑒 (𝐺 − 𝑒𝑏 (𝑇))

(2.17)

where J is the radiosity, and the irradiation is defined as G. Stefan-Boltzmann’s law is
eb(T) which accounts for the power radiated from the system. The emissivity and reflectivity are
denoted as 𝜀𝑒 and ρd, respectively. The mutual, external, and ambient irradiations are written as
Gm, Gext, and Gamb. The ambient view factor is Famb while the Tamb is the ambient temperature.
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The refractive index for the medium is n with Stefan-Boltzmann’s constant being σ. The last two
variables for the radiation module are T and q. T is the surface temperature, and q is the net
inward radiative heat flux. The diagram below shows the radiation physics that take place in the
module.

Figure 2.2

A schematic showing the radiation model being used. [36]

Within this model, the user cannot alter the amount of absorption happening on the
surface directly; however, the model does allow for the user to change the emissivity. This
means the model assumes that α = ε. With this assumption, we chose the emissivity to be 0.9
across all wavelengths.
2.2.3.1

Adjusted Radiation
Experimental testing was done on the as-built IN718 and Boron mixture to study the

optical properties. By changing the laser power and hatch distance on the SLM printing machine,
we can how this affects the radiative properties. It is worth noting that the data was taken at room
temperature. The reflectivity, ρ, was found at room temperature for a wavelength range of 0.4μm
to 16μm. The data is shown in the figure below.
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Figure 2.3

Reflectance data of as-built IN718 and 1% wt. Boron mixture.

To more accurately describe the absorption and emissivity components, we implemented
the experimental data into the simulation. By following the radiation balance, we can solve for
the absorptivity and emissivity of the printed pieces [22].

𝛼 + 𝜌 = 1; 𝛼 = 1 − 𝜌

(2.18)

Absorptivity is labeled α and reflectance is labeled ρ. Most of the absorbed energy takes
place in the visible light range (0.4μm-0.7μm), and the peak emission range is between (2μm4μm) based on Wien’s Displacement Law [19, 21, 22].
𝜆𝑚𝑎𝑥 𝑇 = 𝐶3 ; 𝜆𝑚𝑎𝑥 =
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𝐶3
𝑇

(2.19)

C3 is the third radiation constant which is 𝐶3 = 2898𝜇𝑚 ∙ 𝐾. By solving for λmax, we can
find the maximum wavelength for emission. Using an estimated surface temperature of the tube,
we can construct boundaries for the emission wavelength range. At a maximum temperature of
1000˚C, we see the smallest wavelength of 2.28μm, and with a minimum temperature of 450˚C,
we see the maximum wavelength of 4μm. By taking the average across the respected wavelength
ranges, we can find that α = 0.875 and ε = 0.65. A more detailed graph is shown in Appendix D.
Later, in the results and discussion portion, we will compare these two different boundary
conditions.
2.2.4

Solid Mechanics
The fourth physics module is the solid mechanics module which solves for the thermal

stresses and associated deformation. The following equations represents the stress-free
deformation and thermal strain for linear elastic materials [36].

𝜀𝑡ℎ = 𝛼(𝑇 − 𝑇𝑟𝑒𝑓 )

(2.20)

Thermal strain is denoted as εth. Similarly, to the thermal expansion variable in the heat
transfer module, α is the thermal expansion coefficient. T is the temperature that is coupled with
heat transfer module, and Tref is the strain-free reference temperature. The solid mechanics
module handles static, eigenfrequency, transient, frequency response, and thermal stresses. The
thermal stresses neglect mass effects assuming the time scale is smaller for the structural
mechanics as compared to the thermal time scale [36].

22

2.3

Boundary Conditions
CSPT systems have nonuniform heating due to the nonuniform heat flux entering the

system from the tube array that encircles the tower. Figure 2.4 shows the boundary conditions
below.

Figure 2.4

Illustration of boundary conditions applied to the system.

This tube arrangement allows for one half to receive the solar flux while the other half is
shaded away from the heliostats. The two different sides can be split into boundaries that
experience heat transfer and radiation while the other side is considered adiabatic. The “sunny
side” has solar irradiation coming into the system with both natural and forced convection along
radiosity leaving the system. The irradiation considers the solar concentration to be 1000 W/m2.
The number of heliostats surrounding the tower is 500. This correlates to a total irradiance of 500
kW/m2 focusing on the tube. With having two different radiation boundary conditions, we need
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to understand how they two are distinguished. First off, the radiation module being used assumes
α = ε where ε = 0.9 which ultimately reads.

𝐺 = 0.9 ∗ 500 𝑘𝑊⁄𝑚2

(2.21)

We revised this boundary condition considering the experimental data and formulated a
different radiation boundary condition. The second radiation boundary condition is an applied
heat flux that does not use the radiation module. By doing this, we suppress the radiation physics
in the simulation. This way we can adjusted the α and ε values differently to simulate a more
correct system where α = 0.875 and ε = 0.65. The applied boundary condition is as follows.

𝑞 " = 0.875 ∗ 500 𝑘𝑊⁄𝑚2 − ((𝜎 ∗ 0.65 ∗ (𝑇 4 ) + 𝜌 ∗ 500 𝑘𝑊⁄𝑚2 )

(2.22)

To simulate forced convection, a wind speed of 1.5 m/s is considered in the crossflow
direction. The ambient air temperature is 30˚C. The HTF is traveling in the axial direction of the
tube at 4.5 m/s. Gravity is acting in the opposite direction of the fluid flow. The fluid velocity
was determined by a study performed at National Renewable Energy Laboratory (NREL) and is
a normal flow rate for molten salt CSPT systems [38]. The internal tube boundaries have a noslip boundary condition applied to them.
To provide rigidity to the tube, the inlet and outlet tube faces are constrained. The fixed
constraint is defined as completely securing the model on the surface it is prescribed. This means
there are zero displacements in any direction. Overall, the constrained ends hold the tube in place
and is needed for a converged solution. Moreover, the fixed ends help illustrate the tube being
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held in an assembly. The tube walls on the inside and outside between the inlet and outlet are
free to move. This is where the solid mechanics module solves for thermal strain and
deformation. Gravity was neglected in this module as it would cause inaccurate results because
of the lack of supports not designed in this work.
As a benchmark model, the tube has a length of 10m and an outside diameter of 38.1mm
(~1.5in) with a thickness of 1.2mm (~0.047in). This geometry was based off the same study from
the fluid flow research done under NREL [38]. Given the inside diameter, HTF fluid properties,
and the inlet velocity, we can equate the Reynolds number for the flow inside the tube to be
approximately 86,000. Even though the geometry is considered “thin walled”, the heat transfer
through conduction is an active boundary condition but has negligible effects on the overall
system as previously discussed. A depiction of the boundary conditions is shown in Fig. 2.4
below. The computational load from the CFD model has limited the study to an overall length of
1m for the different finned geometries. Multiple simulations have been completed for a 10m
smooth tube; however, the comparison in the later chapter discussing the results will have a 1m
smooth tube instead to provide better discussion.
2.4

Material Properties
IN718 is main material used in the solar absorber tube and is a nickel-based superalloy.

Nickel based superalloys have thermophysical properties that can operate at temperature
upwards of 500˚C; however, the optical properties are not ideal for solar applications [35]. The
optimal absorbance is around 90%. IN718 has an absorbance of 50% which is comparable to
other steels [39]. With the introduction of Boron, the thermophysical properties are enhanced
along with the optical properties. Boron helps combat thermal stresses, cyclic loading, buckling,
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and corrosion. Table 2.1 shows the relevant material properties at a typical temperature range for
the mixture at 1% wt. Boron. The mixed material properties were found using the rules of
mixtures formula [40].

𝐸𝑈 = 𝑓𝐸𝑟 + (1 − 𝑓)𝐸𝑚

(2.23)

𝐸𝑚 𝐸𝑟
𝑓𝐸𝑚 + (1 − 𝑓)𝐸𝑟

(2.24)

𝐸𝐿 =

EU is the upper limit of the property, and EL is the lower limit of the property. The values
in the table were found to be the average between the two equations. After the material
properties were found, a temperature dependent trend line was formulated then the linear
equation was implemented into the simulation for the most accurate results. The only relevant
material property that was not calculated was the coefficient of thermal expansion (CTE). This
CTE is precalculated through COMSOL’s material library and has a built-in temperature
dependence function.

Table 2.1

Relative Material Properties for IN718, Boron, and the 1% wt. Boron Mixture

Materials

IN718 [41-43]

Boron [44, 45]
1% wt. Boron

Temp. (˚C)

k, (W/m*K)

Cp, (J/g*K)

500
600
700
800
500~800
500

17.87
19.62
21.39
23.19
27
18.08

0.526
0.547
0.568
0.589
1.02
0.531
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ρ, (kg/m3) E, (GPa)
8020
7978
7933
7885
2370
7834

175.5
169.4
163.2
157.1
441
179

Table 2.1 (continued)
Materials
1% wt. Boron

ρ, (kg/m3) E, (GPa)

Temp. (˚C)

k, (W/m*K)

Cp, (J/g*K)

600

19.80

0.551

7794

172

700

21.62

0.572

7751

167

800

23.36

0.593

7706

161

The HTF is a ternary chloride salt (MgCl2-KCl-NaCl, wt% 45.98-38.91-15.11) with an
operating range of 550˚C-720˚C [16, 17]. The following equations are the thermophysical
properties [46].

2.5

𝜌(𝑇) = 1958.8 − 0.56355 𝑇

(2.25)

𝜇(𝑇) = 0.73654 exp (1204.1/(𝑇 + 273.15))

(2.26)

𝑐𝑝 (T) = 1.3014 − 0.0005 𝑇

(2.27)

k(T) = 0.5822 − 2.6 × 10−4 𝑇

(2.28)

Fin Geometries
In general, the literature of heat transfer enhancement by fins focuses on the thermo-

hydraulic performance rather than focusing on an optimal design. A direct optimization process
which relies on a computational fluid dynamics (CFD) model requires hundreds of callbacks
from the geometry to the simulation. This is unsustainable with such as large model. By using
Gaussian Processes surrogate models, we can work around the CFD model to reduce the
computational cost. In this study, we found two finned geometries that had the best heat transfer
enhancement to pressure loss relationship. The two finned geometries are the multihead helical
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fin and the continuous helical fin. Both are highlighted in the figure below with the chosen
geometry being circled.

Figure 2.5

The two different finned geometries being studied with the circles highlighting the
different geometry parameters. [47]

The continuous helical fin is the most common choice to provide circumferential flow to
a pipe. The fin geometry is primarily described by its height and pitch. The pitch is the length of
one helical turn through the tube. For example, a higher pitch means the fin takes longer to
complete one full turn inside the tube. The f/fs represents the friction factor increase with respect
to a smooth tube. The optimal geometry has a fin height of 14.12mm with a pitch of 40.74mm.
The multihead helical fin has a similar design in that it provides and continuous helical swirl for
the entire tube, but the fins are much shorter and have multiple starts. The two main geometric
constraints for this design are the pitch and number of starts. The pitch of the multihead helical
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fin is 36.47mm with 7 starts. There is more discussion provided in Appendix A about how the
optimization process worked and how we concluded on these two results.
2.5.1

Entropy Generation
Rather accounting for the pressure difference across the finned section, we quantify the

pressure drop by entropy production which considers viscous dissipation (friction related, sfr) and
thermal gradients (heat transfer related, sht). The following equations explain how we computed
the entropy production. [48, 49]

𝑠𝑓𝑟 = 𝑠̅𝑓𝑟 + 𝑠′𝑓𝑟

𝑠′𝑓𝑟 =

𝜌𝜀
𝑇

𝑠ℎ𝑡 = 𝑠̅ℎ𝑡 + 𝑠′ℎ𝑡

𝑠′ℎ𝑡 =

𝛼𝑡
𝑠̅
𝛼 ℎ𝑡

(2.29)

(2.30)

(2.31)

(2.32)

𝑠𝑡𝑜𝑡𝑎𝑙 = 𝑠̅𝑓𝑟 + 𝑠′𝑓𝑟 + 𝑠̅ℎ𝑡 + 𝑠′ℎ𝑡

(2.33)

𝑆𝑡𝑜𝑡𝑎𝑙 = ∫ 𝑠𝑡𝑜𝑡𝑎𝑙 𝑑𝑉

(2.34)

The viscous dissipation adds together the direct dissipation, 𝑠̅𝑓𝑟 , and turbulent dissipation,
𝑠′𝑓𝑟 . The turbulent dissipation is solved by multiplying the density, ρ, and turbulent dissipation
rate, ε, and then dividing by the temperature, T. Moving to the thermal gradients, the addition of
the mean temperature gradient, 𝑠̅ℎ𝑡 , and the fluctuation temperature gradient, 𝑠′ℎ𝑡 , will equal the
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total entropy produced by heat transfer. The fluctuation temperature gradient is equal to the ratio
of thermal diffusivity, α, multiplied by the mean temperature gradient. By adding all of these
terms, we find the entropy production; however, we will need to integrate over the entire volume
to find the total entropy production. We can sacrifice some of the inlet velocity to lower the
entropy production but still hold a good heat transfer enhancement. The figure below shows the
exergy point for the continuous helical fin design. Exergy is the amount of work a system can
perform when it is brought into thermodynamic equilibrium with its environment [50].
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Figure 2.6

a) A parametric sweep showing the entropy production and exergy point for the
continuous helical fin tube design. b) A parametric sweep showing the entropy
production and exergy point for the multihead helical fin tube design. [47]

The exergy point is where the two viscous dissipation and thermal gradient lines cross,
highlighted by the green dotted line. The corresponding Reynolds number is approximately
57,000 which is about 2.98 m/s fluid velocity for the continuous helical fin. Following the same
thought process for the multihead helical fin design, we can see the exergy point is close to the
31

original fluid velocity and Reynolds number. Comparing the new optimal Reynolds number to
the baseline case, we can see that the parametric sweep has provided a slightly higher Reynolds
number of 91,000 compared to 86,000. Due to the similarity in the Reynolds number, a new
simulation was not completed based around the new fluid velocity. We will compare the
differences between the 4.5 m/s multihead helical fin tube and continuous helical fin tube with
the newer, slower velocity case later in this work.
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CHAPTER III
RESULTS AND DISCUSSION
3.1
3.1.1

Surface Temperature
Baseline Case: 10m Smooth Tube
The maximum temperature for the baseline case is 660˚C for the constant properties and

646˚C for the adjusted radiation case. The lower temperature for the latter is due to less
irradiation being absorbed on the surface from the lower absorptivity value. Both temperature
profiles can be seen in Fig. 3.1.

Figure 3.1

Baseline case temperature profiles.

Both tubes show a big temperature discrepancy between the sunny side and shaded
region (i.e., 110˚C), this large difference will cause stress and fatigue to occur much faster than
the finned tubes.
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3.1.2

Finned Tube Comparison: α = ε = 0.9
This section discusses the difference in surface temperatures between the 1m-long

smooth tube, the 1m-long tube with multihead helical fins, and the 1m-long continuous helical
fin tube. The maximum temperature for the smooth tube is 632ºC, while the multihead helical fin
tube’s maximum temperature is only 599ºC. The continuous helical fin tube has a lower
maximum temperature of 582˚C. Therefore, a temperature reduction of 34ºC and 51˚C,
respectively, can be achieved by implementing fins. Due to the inlet fluid temperature of 550ºC,
the minimum temperature for all cases is 550ºC. The temperature contours can be seen in Fig.
3.2.

Figure 3.2

Temperature profiles for the 1m continuous helical fin, 1m multihead helical fin,
and 1m smooth tube
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Examining the smooth tube temperature gradient, the temperature difference is 73ºC as
compared to the 59ºC difference for the multihead helical finned tube and 32˚C for the
continuous helical finned tube. The smaller temperature difference is attributed to the helical fins
causing the circumferential flow of the HTF, thus reducing the outer surface temperature.
Ultimately, the thermal stresses on the tube can be reduced because of the more uniform
temperature distribution compared to the smooth tube.

3.1.3

Finned Tube Comparison: Adjusted Radiation Properties
The maximum temperature for all three cases diminished for the adjusted radiation

properties. This happened due to the lower amount of radiation absorbed by the tubes. The new
maximum for the continuous helical fin is 580˚C, and the multihead helical fin is 591˚C. The
smooth tube maximum saw the most decrease to a new maximum of 621˚C.
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Figure 3.3

3.1.4

The adjusted radiation temperature profiles.

Slower Inlet Velocity
The slower inlet velocity causes the fluid to stay inside the continuous helical fin tube

longer which corresponds to a higher surface temperature compared to the original fluid velocity.
The new maximum temperature for the continuous helical fin is 591˚C which is the same as the
multihead helical fin tube. The comparison between different temperature profiles can be seen in
Fig. 3.4.
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Figure 3.4

Comparing the slower inlet velocity temperature profile to the original velocity
boundary condition.

Even though the surface temperature is the same as the multihead helical fin, the average
fluid temperature is significantly greater which can be seen in the following section.
3.2
3.2.1

Fluid Temperature:
Baseline Case: 10m Smooth Tube
Following the same logic from before, the fluid temperature is lower for the adjusted

radiation case as seen in Fig. 3.4. The difference between the maximum temperatures is 6˚C. The
temperature profile shows the boundary where the solar flux is incoming heats the fluid much
faster than anywhere else. This plot proves there is little fluid mixing in the tube and that most of
the fluid could be heated much more efficiently.
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Figure 3.5

3.2.2

Fluid temperature profiles for the 10m baseline case.

α = ε = 0.9
The maximum fluid temperature for the smooth tube is 565ºC as compared to the

multihead helical fin tube being 557ºC and continuous helical fin being 555˚C. Like the surface
temperature plots in Fig. 3.4, the minimum temperature is 550ºC. By examining Fig. 3.6, which
show the fluid domain in the x-z plane, there is limited fluid mixing in the HTF for the smooth
tube. The smooth tube has thin region near the heated surface where the fluid is experiencing
most of the heating due to the viscous forces slowing the fluid down in the boundary layer. Also,
a majority of the outlet experiences the same temperature as the inlet of 550 ºC. Compared to the
two finned tubes, the fluid temperature is more uniform with the fluid experiencing similar
gradients at the heated surface and the adiabatic surface.
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Figure 3.6

Fluid temperature profile along the x-z plane.

The temperature difference for the smooth tube is 15ºC while the difference for the
multihead helical fin tube is almost halved to 8ºC. The continuous helical fin design has a lower
temperature difference of 5˚C. This induced rotation promotes fluid mixing and allows for the
system to be more efficient by allowing the cooler fluid to move around to the heated region as
shown in Fig. 3.7, which depicts the velocity vectors of the finned tube.
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Figure 3.7

3.2.3

The velocity vectors for the two different fin geometries. a) Continuous Helical
Fin, b) Multihead Helical Fin

Adjusted Radiation
The fluid temperature profiles between the two different radiation boundary conditions

do not differ significantly which can be seen in Fig. 3.8. The continuous helical fin and
multihead helical fin design remained at the same maximum temperatures, respectively. The
smooth tube maximum temperature decreased by 2˚C.

40

Figure 3.8

Fluid temperature profile along the x-z plane.

Figure 3.9 shows a temperature profile of the outlet fluid and surface temperatures. As
previously explained, the more uniform temperature gradient is evident.
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Figure 3.9

3.2.4

Exit fluid and surface temperatures for the three 1m cases.

Slower Inlet Velocity
With the exergy point being at the most optimal point, the fluid mixing that occurs within

the slower inlet velocity simulation proves that it could significantly enhance the heat transfer
capabilities. The figures below prove this point.
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Figure 3.10

Fluid temperature profiles comparing the different fluid velocity conditions.

The slower fluid flow has caused the maximum fluid temperature to increase by 3˚C, and
the average exit temperature to increase 1.39˚C. We can still see some hot areas forming with the
multihead helical fin tube along the sunny half, but most of the fluid is being mixed and is slowly
becoming more uniform. The continuous helical fin design shows that the hot spots have
completely been eliminated, and the most optimal fluid mixing is occurring.
3.3

Pressure Drop
Pressure drop is a key parameter that needs to be considered by introducing fins. The

friction factor for the multihead helical fin tube is about 6.5 times higher while the continuous
helical fin tube with the more intrusive fins has about 25 times higher pressure drop than the
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smooth tube. The following figures, Fig. 3.11, show the pressure drop across the full length of
the tube in the x-z plane.

Figure 3.11

The pressure drop across the three different tube geometries.

It is observed that the smooth tube has a pressure drop of 24.71 kPa, while the multihead
finned tube has 158.7 kPa pressure drop. The simulation shows that the pressure drop is
increased by a factor of 6.3 times compared to the smooth tube, being consistent with the
pressure drop increase in the optimization. To consider the continuous helical fin design, we
need to remove some of the simulations high pressure errors as seen as the inlet of the tube. By
removing this and considering the average inlet pressure, the measured pressure drop is 22 times
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higher than the smooth tube. With the slower inlet velocity, the same process is followed, and the
pressure drop has decreased by more than half to 10.5 times higher than the smooth tube.
3.4

Convective Heat Loss
Following similar phenomenon as the temperature profiles, the convective heat loss is

less in the finned tubes. The smaller heat loss is attributed to the more uniform temperature
gradient. Across the entire length of the tube, the multihead helical fin tube has approximately 1
kW/m2 less heat loss as compared to the smooth tube, but the continuous helical fin has
approximately 2 kW/m2 less heat loss. The results can be seen in Fig. 3.12.

Figure 3.12

Convective heat losses.
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This proves that the heat loss due to the outer surface can be controlled by the internal
fins because of the induced circumferential flow thus reducing the external surface temperature.
The simulation also proves that the flow is fully developed within the first 20-30cm.
3.5
3.5.1

Mechanical Effects
Baseline Case
Across the baseline case, we can see that the z-displacement has the greatest effect on the

system with the higher temperature case having a maximum displacement of 2.94mm in the
positive z-direction. The lower temperature case has dropped the maximum displacement to be
2.59mm. The deformation results can be seen in Fig. 3.13.

Figure 3.13

Baseline case displacement in the z-direction.

Looking closer at the stress concentrations in Fig. 3.14, we can see that the more
deformed tube has a higher stress, 7.47 MPa, as compared to the tube with less deformation, 6.44
MPa. The first principal stress was chosen because it shows the maximum tensile stress due to
the loading conditions. The loading conditions being the thermal expansion on the system. The
data was taken from a cross section at the middle of the tube at 5m.
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Figure 3.14

First Principal stress at the middle of the tube for the baseline case.

The plot shows us that most of the tension occurs at the bottom, inside with the most
compression coming at the upper, inside. This proves that the tube wants to buckle upwards in
the positive z-direction. Ultimately, this design will see more cyclic loading than the finned
tubes.
3.5.2

Finned Tube Geometry Comparison
The structural deformation due to the thermal stresses is shown in Fig. 3.15 for the finned

tubes. Due to the low difference in temperature gradients between the two simulations, we can
look at the one case instead of both. The deformation due to thermal stress for 1m long multihead
helical fin tube is 0.22mm which is a 24% decrease compared to the 0.28mm deformation in the
smooth tube. The continuous helical fin tube saw a maximum deformation of 0.23mm which is a
19.6% decrease in deformation.
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Figure 3.15

Deformation in the z-direction for continuous helical fin, multihead helical fin, and
smooth tube.

Figure 3.16 shows the first principal stress of a cross section at the middle of the
continuous helical fin tube, multihead helical fin tube, and smooth tube. It is worth noting that
fluid flow for this plot is going into the paper (i.e., we are looking from the inlet side of the tube).
Investigating the continuous helical fin plot, the stress concentration is focused on the corner
where the fin and inner wall meet with the maximum being 507 MPa and a minimum of -34.9
MPa. The stress slowly decreases as it propagates through the fin. Both finned tube plots show
the stress surrounding the wall of tube is relatively low compared to the fins and is uniform
circumferentially. Observing the multihead helical fin plot shows there are massive stress
concentrations around the corners of the fins which is anticipated with the high temperatures and
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fluid flow. The maximum stress is 586 MPa with a minimum of -93 MPa. The lower stress
values are primarily along the inner wall of the tube between the fins. With the minimum stress
concentrations focused near the corner where the fin and inner wall meet. The uniform stress is
expected to lower the creep-fatigue on the surface of the system; however, the fatigue analysis is
not the focus of this current study, we will conduct the creep-fatigue simulation as our future
work. However, from this preliminary analysis in this study, we can easily predict that the
fatigue analysis will shift to the fins where the cyclic loading will be more prevalent.

Figure 3.16

First Principal stress for both finned tubes and the smooth tube.

Looking into the smooth tube, the stress concentrations are much smaller than the finned
tube. This smaller stress is expected due to the streamline of the flow and lack of internal
49

obstructions. As shown in Fig. 3.16, the highest stresses are along the inner wall of the lower half
of the tube with lowest stresses found along the outer surface where the adiabatic and solar flux
meet. Also, there is a tensile stress along the surface directly receiving the solar flux and a
compressive force on the inner wall. This stress distribution is implying the tube tends to bend
upwards into the positive z-direction. Without fins, this stress distribution indicates that the
fatigue will occur as the tube bends up and down between the day/night cycle and shorten the
tube life.
3.6

Comparison of Thermal Efficiency
The thermal efficiency was also calculated to determine the heat transfer capability of the

baseline case. Based on the total solar irradiation and the total heat loss due to convection and
radiation, the efficiency, η, can be calculated as shown below.

𝜂 = 1−

𝑄̇𝑙𝑜𝑠𝑠
𝑄̇𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

(3.35)

The table below shows the different thermal efficiencies between the different cases.
Table 3.1

Thermal
Efficiency

Thermal Efficiency for the different cases studied
1m Smooth Tube
α=ε=0.9 Adj. Rad.
79.03%
77.24%

Multihead Helical Fin
Continuous Helical Fin
α=ε=0.9 Adj. Rad. α=ε=0.9 Adj. Rad. 2.98 m/s
80.16%
77.33%
81.05% 77.64%
77.61%

The efficiency for the 1m smooth tube is the lowest while the 1m-long multihead helical
finned tube is second highest and the continuous helical finned tube with the highest efficiencies.
This thermal efficiency will be further enhanced with the extended 10m finned tube. There are
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ongoing efforts to simulate longer finned tubes and different geometries for higher thermal
efficiency. The slower inlet velocity case has a similar thermal efficiency compared to the
original fluid velocity continuous helical fin, but the main component is to highlight the ability to
decrease the pressure loss and still maintain a high efficiency.
3.7

Total Length Estimations
The goal for a CSPT plant is to reach the maximum temperature molten salts can achieve

without degradation that temperature is 720˚C. Based upon the assumption that the fluid has
become fully developed by the end of the 1m tubes, we can extrapolate the data to estimate the
total length needed to reach an average fluid exit temperature of 720˚C. The table below shows
the respective estimated tube lengths.
Table 3.2

Estimated Tube Lengths to reach an average exit temperature of 720˚C
1m Smooth Tube
α=ε=0.9 Adj. Rad.

Total
Length (m)

56.5

62.5

Multihead Helical Fin
α=ε=0.9
Adj. Rad.
56.45

54.28

Continuous Helical Fin
α=ε=0.9 Adj. Rad. 2.98 m/s
52.15

61.34

40.84

The smooth tube will take the longest to reach the needed exit temperature followed by
the multihead helical fin and the continuous helical fin. The multihead helical fin simulation has
not reached a converged exit temperature yet so the data is skewed some. However, the
continuous helical fin has proved that by slowing the molten salt velocity; the overall length of
the tube can shorten significantly.
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CHAPTER IV
CONCLUSION
The climate and energy crisis both contribute to the need to start focusing on producing
clean, dispatchable energy. Concentrated solar power can aid in the production of dispatchable
energy by being able to store thermal energy through sensible storage systems to be used at night
or during peak demand. There are multiple issues that solar absorber tubes have encountered
such as thermal deformation from the uneven temperature distribution caused by the uneven
solar flux and severe heat loss from radiation. Conventional solutions to solar absorber tubes
have proven to only have a limiting enhancement on the system and potentially bring about new
problems such as extra vibration and more fatigue. By using our proposed solution, we can see
that by manufacturing the tubes as one continuous piece with an optimized fin design we can
enhance the thermo-mechanical properties and provide a more energy absorbent material with
minimal pressure loss. From the baseline case, it is evident that there is a drastic need for a more
efficient way to increase the thermal efficiency of the solar receiver tube. By introducing internal
fins, the fluid begins to rotate and mix with cooler temperatures and shows a more uniform
temperature profile for both the outer surface and bulk fluid temperatures. This lowers the
convective heat loss and emitted radiation which will ultimately increase the efficiencies while
also improving the stress distribution to lower the deformation by approximately 20%. Further
analysis was done to study the fluid velocity relationship to pressure drop. It was proven that by
slowing the molten salt the overall efficiencies would increase and significantly shorten the
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required tube length. By comparing the two finned designs to a smooth tube baseline case, we
recommend using the continuous helical fin design with the adjusted fluid velocity being 2.98
m/s to provide the most efficient, material saving solution. This combination provides a thermal
efficiency of 77.61% with an overall length of 40.84m to heat the HTF from 550˚C to 720˚C
considering 500 kW/m2 solar flux. This study has potential to transform the design and
manufacturing of solar receiver tubes for high temperature applications, and it can directly
support the current on-going efforts to reach the US Department of Energy (DOE) CSP 2030
goal.
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APPENDIX A
FIN GEOMETRY OPTIMIZATION
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The optimization of the fin geometry is a conjugate heat transfer problem that involves
both the solid and fluid regions. The fin geometry is parameterized which allows for the ability
to study the efficiency while changing parameters such as the fin height, Hfin, and pitch, Pfin. The
efficiency is measured by assessing the entropy production. Entropy production is caused by two
primary sources: viscous forces and local thermal non-equilibrium (i.e., friction and heat
transfer). This simulation was done through ANSYS Fluent following the boundary conditions
stated in section 2.3 but without the structural part and convection boundary conditions. The
optimization was carried out using the Kriging (also known as Gaussian Processes) model which
was used to approximate the CFD model in turn requiring much less computation time. Once the
model has been trained by solving a few CFD simulations, the surrogate model can be coupled
with an optimizer and be called multiple times without involving the CFD simulation. A figure
showing the optimization loop is shown below.

Figure A.1

Surrogate assisted optimization loop based on Kriging model. [47]
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The Kriging model is a statistical spatial predictive model used in many expensive blackbox optimization procedures [51, 52]. Moreover, the Kriging model provides the variance (i.e.,
uncertainty) of the result which gives a sense of confidence in the prediction. The figure below
shows three different designs with their respective solved parameters.

Figure A.2

Various fin designs and the corresponding pressure drop; heat transfer
enhancement; fin height; pitch; and degree of separation. [47]

The “threshold” in the top row of the results show the amount of pressure increase due to
friction with respect to a smooth tube simulation (i.e., the multihead helical fin design has 6.5
times more pressure drop than the smooth tube). The star (*) represents the parameter being
optimized. It was determined that the multi-head helical fin and the continuous helical fin
designs were the most optimal for our system. The table below shows the maximum and
minimum limits used for the optimization.
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Table A.1
Minimum
Maximum

Table A.2

The range of the design parameters for the continuous helical fin designs [47].
Pfin
35.3 mm
105.9 mm

Hfin
3.52 mm
14.12 mm

The range of the design parameters for the multihead helical fin designs [47].

Pfin
Minimum
35.3 mm
Maximum 105.9 mm
Nfin: Number of fins

Nfin
4
9

The figures below show the gradient of the Nusselt Number enhancement, friction factor
ratio, and temperature leveling for both cases across the entire optimization.

Figure A.3

Top: Continuous Helical Fin / Bottom: Multihead Helical Fin a) Nusselt Number
enhancement, b) Friction Factor ratio, c) Temperature Leveling Effect [47]
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The heat transfer enhancement from the continuous helical fin has a direct relationship
with the friction factor increase. The lowest temperature leveling (i.e., the lowest temperature
gradient) relates to having taller fins and a lower pitch. This also causes high pressure loss. The
highest heat transfer enhancement (i.e., Nu/Nus = 2.5) is caused by having a strong
circumferential flow and a longer effective flow length [47]. Moving to the multihead helical fin,
we see that the number of starts does not have a significant effect on the heat transfer
enhancement, but it does offer the lowest pressure drop [47]. Other designs that were considered
are shown below in Fig. A.4.

Figure A.4

Various other designs that were considered for the optimization process. [47]

Designs (D) and (E), the multihead helical tapes and the wedge-sectioned double helix
fins, offered a very high heat transfer enhancement, but these designs had corresponding pressure
loss factors that were 100x higher than a smooth tube. The interrupted helical fin design was
thought to provide more fluid mixing by allowing for both circumferential and axial flow to mix,
but this very reason is what caused the pressure loss to be high with limited heat transfer
enhancement.

63

APPENDIX B
SURFACE ROUGHNESS
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In an effort to enhance the thermal efficiency, various surface roughness profiles were
studied to see if increasing the surface roughness of a material will help enhance the absorptivity.
Experimental results have proven that increasing the roughness will help with absorptivity and
convective heat losses [12, 32]. This improvement is caused by light trapping within the highs
and lows of the surface profile [53, 54]. This idea is shown in the figure below.

Figure B.1

Light trapping occurring due to the textured surface. [54]

a) Flat, Planar surface; b) textured surface 1) Incident light, 2) and 3) reflected light, 4) and 5)
absorbed light lace all detailed caption, notes, reference, legend information, etc here

One of the many parameters in the SLM process that can be varied is the powder size
used in creating prints. For example, using larger powder sizes will increase the surface
roughness. To help determine which powder size to use, the COMSOL electromagnetic wave
physics module is applied to simulate the effect of surface roughness has on absorptivity. The
profiles used were not from printed sample; rather, randomly generated within COMSOL to
prove the concept.
The wavelength range studied does not incorporate the entire range from the
experimental data as discussed previously; however, the simulated wavelength does look well
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within the infrared range. The range being 0.4μm to 3.5μm. To keep the domain consistent and
have only the surface profiles varied, the domain width and heigh were kept constant between
the different simulations which are 200μm and 100μm, respectively. The incident power which is
the light incoming into the system is 100W at an incident angle of 0˚. The incident power
correlates to the same energy input from the Multiphysics simulation by considering a uniform
depth of 1m and reverse solving from the calculated area (i.e., domain width * uniform depth)
and the solar flux. The governing equations are shown below. The first equation is the “Wave
Equation, Electric” which the main feature of the physics interface [36].

∇ × (𝜇𝑟−1 ∇ × 𝑬) − 𝑘𝑜2 𝜀𝑟𝑐 𝑬 = 0

(B.1)

where μr is the relative permeability of the material, and E is the electric field. εrc is the
complex relative permittivity. The wave number of free space ko is defined as below [36].

𝑘𝑜 = 𝜔√𝜀𝑜 𝜇𝑜 =

𝜔
𝑐𝑜

(B.2)

where ω is angular frequency of the wave, and co is the speed of light in a vacuum.
The module uses a port boundary condition as the propagation line where the light is
emitted from. For high frequency domains such as the visible light regime, it is necessary to
define scattering parameters inside the port boundary condition. The below equation represents
the scattering parameter, S [36].

𝑆=

∫𝛿Ω (𝐸 − 𝐸1 ) ∙ 𝐸1
∫𝛿Ω 𝐸1 ∙ 𝐸1
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(B.3)

As previously stated, E is the electric field. δ is the damping factor. The parameters in the
simulation related to material properties are the refractive index and the imaginary part of the
refractive index. The properties were determined through the rules of mixture similar to the
previous work [40].
Table B.1

Refractive and Imaginary Index for IN718, Boron, and 1% wt. Boron Mixture

Refractive Index
Imaginary Part

IN718 [55]
2.11
3.35

Boron [56]
3.25
0.25

1% wt. Boron
2.14
2.36

To understand fully how the surface could affect the absorptivity, we chose five different
surface roughness heights: 2μm, 10μm, 15μm, 20μm, and 30μm. Fig. B.2 shows five different
surfaces used in the simulation.
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Figure B.2

Five different surfaces used in the surface roughness simulation.

In Fig. B.3, we can see that preliminary simulation results show that the rougher surfaces
help enhance the light trapping capabilities which increase the absorption.
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Figure B.3

Simulation results proving the rougher surfaces produces higher absorbing
surfaces.

By randomly generating plots with different heights, it was proven that rougher surfaces
enhance the solar absorption, and Boron improves the absorption but not as drastically. Future
efforts are being developed to implement these surface roughness results into the Multiphysics
simulation, and the results will be used to direct the additive manufacturing process by adopting
various powders sizes, eventually the surface roughness of the printed finned solar receiver tube
can be controlled precisely. It is expected that the simulation results can assist the additive
manufacturing process by choosing the right powder size.
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APPENDIX C
NOMENCLATURE
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Table C.1

Nomenclature
h
k
D
Ra
Nuforced
Nunatural
J
εe
eb(T)
ρd
G
Gm
Gamb
Gext
Famb
Tamb
σ

𝑇
q
εth
α
Tref
ρ
u
p
τ
F
k
μ
μT
σk
εd
Pk
σe, Cε1, Cε2, Cμ
η
𝑄̇𝑙𝑜𝑠𝑠
𝑄̇𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
μr
E
εrc
ko

heat flux, [W/m2]
thermal conductivity, [W/(m*K)]
outer diameter, [mm]
rayleigh number, [-]
nusselt number for forced convection, [-]
nusselt number for natural convection, [-]
radiosity, [W/m2]
emissivity, [-]
blackbody hemispherical total emissive power, [W/m2]
diffuse reflectivity, [-]
irradiation, [W/m2]
mutual irradiation, [W/m2]
ambient irradiation, [W/m2]
irradiation from external radiation sources, [W/m2]
ambient view factor, [-]
ambient air temperature, [K]
stefan-boltzman constant, [W/(m2*K4)
temperature, [K]
net inward radiative heat flux, [W/m2]
thermal strain, [m/m]
thermal expansion coefficient, [1/K]
strain-free reference temperature, [K]
mass density, [kg/m3]
velocity vector, [m/s]
pressure, [Pa]
viscous stress tensor, [N/m2]
volume force vector, [N]
kinetic energy of turbulent fluctuations per unit mass, [J/kg]
molecular viscosity, [N*s/m2]
eddy viscosity, [N*s/m2]
closure coefficient, [-]
dissipation per unit mass, [m2/s3*kg]
production term, [-]
closure coefficient, [-]
efficiency, [-]
heat loss, [W]
solar flux, [W]
relative permeability, [H/m]
electric field, [V/m]
complex relative permittivity, [F/m]
wave number of free space, [Hz]
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Table C.1 (continued)
ω
co
S
δ
α
ε

angular frequency, [rad/s]
speed of light in a vacuum, [m/s]
scattering parameters, [dB]
damping factor, [Ns/m]
absorptivity
emissivity
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APPENDIX D
EXPERIMENTAL REFELCTANCE DATA
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By varying the printing parameters in the SLM process, we can change how the surface
reacts to light. The experimental data discussed earlier in the paper shows nine different data
sets. Each data sets looked at how changing the laser power and hatch distance would affect the
printing surface. The wavelength range for the maximum amount of energy to be absorbed is the
visible light range (i.e., 0.4μm-0.7μm). The figure below shows the reflectance, ρ, data for that
wavelength range. We used this data to find the absorptivity, α, by using the following equation
[22].

𝛼 = 1−𝜌

Figure D.1

(D.4)

Reflectance data for the visible light range.

The data shows that most of the prints having 10%-15% of the light being reflected
which corresponds to an average of 12.5% across the visible light range. There are two outliers,
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A1-top and A1-bottom, that show a much more reflective surface which is not what we are
looking for. Plugging 0.125 into the equation mentioned above, we get an absorptivity of 0.875
or 87.5%. Following Wien’s Displacement law, we see that most of the emissive power comes
between the 2μm-4μm range depending on the surface temperature. By narrowing the data, we
see the reflectance for this range below.

Figure D.2

The reflectance data for the emissive wavelength range.

Again, we see that most of the printed samples are grouped together with the same two
outliers, A1-top and A1-bottom, and a third that is breaking away from the average, C1-back.
We can calculate emissivity by assuming that absorptivity is equal to emissivity (i.e., α = ε). By
doing this, we see the average reflectance equates to 35% which corresponds to an emissivity of
65% or 0.65.
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